Previously, we demonstrated successful Tn917 mutagenesis of the oral pathogen Streptococcus mutans using pTV1-OK (Km r , repATs), a temperature conditional replicative delivery vector carrying a lactococcal pWVO1Ts backbone. In this report we describe the construction and utilization of pTV32-OK, a plasmid harboring Tn917-lac (em r , L-gal ) that was employed to isolate transcriptional fusions of the Escherichia coli lacZ reporter gene with streptococcal promoters in S. mutans strain NG8. Tn917-lac transposition occurred at a frequency of ca. 10 36 with 20% of the resultant em r clones displaying varying levels of lacZ expression. Tn917-lac mutants that expressed L-galactosidase activity under growth conditions of glucose limitation, acidic pH, 35 mM NaCl, and elevated (42³C) temperature were isolated. Further characterization of one of the mutants with increased L-gal activity under glucose limitation, strain AS42, revealed maximal activity in batch culture in stationary phase after glucose depletion. The L-gal activity of AS42 also was found to be repressed 3-fold in medium containing 2% glucose relative to measured activity from cells suspended in the same medium containing no glucose. Further phenotypic analysis revealed that AS42 had a 30% lower growth yield than the parent strain NG8 when grown in pH 5 medium. Sequence analysis of the region harboring the transposon revealed that the lacZ fusion occurred near the 3P-end of a gene encoding a homolog of an ATP binding protein from a family of Gram-positive ABC transporters. These findings demonstrate that Tn917-lac mutagenesis can be used to identify environmentally regulated genes in S. mutans and possibly in other medically relevant streptococcal species. ß
Introduction
Streptococcus mutans, a resident of the normal oral £ora, is an opportunistic pathogen that, under appropriate environmental conditions, is able to cause dental caries. This organism's ability to survive and eventually dominate the dynamic environment of the plaque bio¢lm is dependent upon a number of physiological traits including its ability to adapt to a wide range of nutrient concentrations.
The ability of S. mutans to regulate transport and metabolism enhances its biochemical £exibility, allowing it to live under the feast and famine conditions of its environment.
To isolate environmentally regulated S. mutans genes we developed a novel promoter-probe delivery system. To date, the only randomly delivered promoter-probe system reported for use in this organism required construction of a chromosomal library in a suicide vector harboring a promoterless amylase gene [6] . Although e¡ective, the method requires the strain in question to be highly transformable. Here we describe a novel Tn917 derivative containing a promoterless Escherichia coli lacZ reporter gene harbored on a replication conditional plasmid pTV32-OK. Transformation with pTV32-OK allows propagation of the plasmid in poorly transformable strains at the permis-sive temperature of 30³C. The transposon integrates randomly into the chromosome with simultaneous delivery of the promoterless lacZ gene. The plasmid can then be cured by growth at elevated temperature (42³C) to eliminate the plasmid harboring em r background. This construct generates random mutations and transcriptional fusions to promoters of genes whose expression can be detected under various environmental conditions including carbon exhaustion, acidic pH, increased salt, and growth at elevated temperature (42³C). This Tn917-lac delivery tool, in combination with marker rescue techniques, provides a useful tool for the study of environmentally regulated genes of S. mutans and related organisms.
Materials and methods

Bacterial strains and growth conditions
E. coli strain MC1061 was used as a host for routine plasmid maintenance. E. coli strains were grown in LB medium containing 300 Wg ml 31 erythromycin (em), 50 Wg ml 31 kanamycin (km) and 100 Wg ml 31 ampicillin (amp) when needed. S. mutans NG8 harboring pTV32-OK was grown at 30³C in 5% CO 2 :95% air in Todd-Hewitt broth (Difco) supplemented with 0.3% yeast extract (THYE) or on THYE 1.5% agar plates containing 5 Wg ml 31 em and 500 Wg ml 31 km. For glucose limitation experiments S. mutans strain NG8 was grown in tryptoneyeast extract (TYE) medium containing (w/v): 1.0% tryptone; 0.5% yeast extract ; 0.3% K 2 (HPO 4 ) and 0.1% glucose; 75 Wg ml 31 X-gal and 1.7% agar. Glucose excess (GE) medium contained 0.13% tryptone ; 0.06% yeast extract ; 0.3% K 2 (HPO 4 ); 0.1% glucose ; 75 Wg ml 31 X-gal and 1.7% agar. To isolate mutants with fusions to promoters stimulated by high salt or low pH, TYE medium was supplemented with 35 mM NaCl or the pH was adjusted to pH 6.0 with HCl prior to autoclaving, respectively.
Transposon mutagenesis
pTV32-OK (Fig. 1) was constructed by transforming Bacillus subtilis PY350 harboring pTV32Ts [15] with pTV1-OK and selecting for kanamycin resistance (Km r ) at 30³C. Km r transformants were scored for Cm-sensitivity and Lac phenotype. Plasmids were isolated from the B. subtilis transformant as previously described [15] and propagated in E. coli MC1061 at 30³C. S. mutans NG8 was transformed with pTV32-OK as described previously for pTV1-OK [3] and transformants were isolated at 30³C on THYE agar containing km and em. Isolates were then cultured for 16 h at 30³C in THYE broth medium containing km. Saturated cultures were diluted 1:200 and grown in THYE overnight at 40³C. Aliquots were plated onto TYE glucose-limited agar containing 0.1% glucose, 75 Wg ml 31 X-gal and em and incubated in an atmosphere of 5% CO 2 :95% air at 37³C for 2 to 6 days.
L-Galactosidase and glucose assays
L-Galactosidase activity cultures ¢rst were grown in TYE 0.1% glucose medium and aliquots were taken at various time points. The cells were washed and resuspended to an OD 600 of 0.10^0.16 in 50 mM Tris-Cl bu¡er (pH 7.5) containing 0.27% (v/v) L-mercaptoethanol in a total volume of 1 ml. Cells were made permeable by disruption of their cell walls (decrypti¢ed) by vortexing for 30 s after the addition of 50 Wl chloroform and 20 Wl of 0.1% sodium dodecyl sulfate. O-nitrophenyl-L-D-galactopyranoside (ONPG) then was added to achieve a ¢nal concentration of 80 WM after incubation at 37³C for 30 min. After the reaction was stopped by the addition of 500 Wl of 1 M NaCO 3 the amount of ONPG hydrolyzed was determined spectrophotometrically at 420 nm. Glucose concentrations were measured in cell-free culture supernatants using the glucose HK analytical kit (Sigma). Protein concentrations were measured using the BCA reagent (Sigma). Results are expressed as the mean values of three measurements from two independent cultures.
To test the e¡ects of various environmental conditions on L-gal activity cultures were grown to mid-log phase in TYE 0.2% glucose medium (pH 7.0) and then were centrifuged for 10 min at 15 000Ug. Cell pellets then were washed two times in 20 mM NaPO 4 bu¡er (pH 7.0) and were resuspended in volumes equal to the starting culture in various media including : TYE with 0.2% glucose, pH 7.0; TYE with 0.2% glucose, pH 5.0; TYE with no glucose; TYE with 2% glucose; and GE medium. All chemicals and reagents were obtained from Sigma Chemical company, St. Louis, MO, USA, unless indicated otherwise.
Recovery of the Tn917-lac insertion from S. mutans AS42
Chromosomal DNA was prepared from em r S. mutans transformants and digested with XbaI, EcoRI or HindIII as described previously [3] . Single transposon insertions were con¢rmed by Southern analysis with pTV32-OK as a probe. To recover the locus of transposon insertion from AS42, XbaI-digested chromosomal DNA was ligated to XbaI-digested CIP-treated pUC18 (Pharmacia). E. coli strain MC1061 was transformed with the ligation reaction and amp r and em r transformants were isolated as described previously [3] . The plasmid pJG810 was recovered from AS42 and was sequenced as described previously [3] . Sequence analyses were carried out with the Macintosh program MacVector V 3.5 (Kodak Inc., Rochester, NY, USA) and programs BLASTP and BLASTX (NCBI Labs, Los Alamos, NM, USA). Alignment of deduced amino acid sequences was performed using CLUSTALW (EMBL, Heidelberg, Germany). Construction of the alignment ¢gure and designation of identical and similar amino acid residues was performed using the Macintosh program SeqVu (Garvin Institute of Medical Research, Sydney, Australia). The accession number of the nucleotide sequence of the S. mutans NG8 locus described here is AF065141.
Results and discussion
Isolation and characterization of Tn917-lacZ mutants
Transposition of Tn917-lac occurred at a frequency of approximately 10
36 which allowed isolation of several thousand erythromycin-resistant transformants from each 5 ml culture. Approximately 20% of the transformants were also km resistant, indicating that plasmid co-integrants, or replicon fusions, occurred at this frequency. When 10 em r clones were subjected to HindIII digestion and Southern analysis with Tn917-lac as a probe all clones showed di¡erent restriction patterns (data not shown), a result similar to that observed with pTV1-OK mutagenesis in S. mutans NG8 [3] , suggesting integration was random.
Initially the concentration of X-gal on the selection plates was adjusted from 10^300 Wg ml 31 to obtain a range that was suitable for screening mutants expressing varying levels of L-galactosidase activity. The intracellular accumulation of X-gal was in£uenced by the extracellular glucose concentration. X-gal likely was kept out of the cell by Gram-positive inducer expulsion mechanisms that expel non-metabolizable substrates in the presence of metabolizable sugars [11] . For this reason, a low glucose concentration (0.1% or 5.6 mM) was utilized in all experiments using X-gal plates. To obtain media that retained a low glucose concentration but contained glucose in excess, it was necessary to dilute the tryptone and yeast extract in the medium. We found that when these components were reduced to 1/8 of their original concentration up to 1 mM of glucose was present (as detected by the HK assay) in the spent culture £uid after 2 days of incubation with the parent strain NG8.
Three thousand transformants were ¢rst isolated on carbon-limited media supplemented with X-gal. After 48 h of incubation blue colonies comprised approximately 20% of the total number of transformants. Several transformants that were white on glucose excess X-gal media and blue after 4^7 days incubation on glucose-limited X-gal agar were selected for further study. Of these mutants, one, AS42, also showed decreased growth on pH 5.0 plates. Further investigation of the acid-sensitive phenotype revealed that in liquid culture the mutant showed an ability equal to the parent strain to survive pH challenges to as low as pH 3.0 for 2 h (data not shown), yet it exhibited a 30% decrease in growth yield when grown in THYE at pH 5 when compared to the wild-type. Measured dry weight yields of the mutant AS42 were 0.175 þ 0.008 mg ml 31 and of the parent NG8 0.245 mg ml 31 after 24 h of growth in pH 5.0 THYE. Measurements were from four samples from two independent cultures.
In a second experiment to examine the utility of the Tn917-lac system to detect environmentally regulated genes 800 transposon harboring mutants were replicaplated on the various media described. Of these 800 mutants we found: one mutant with increased lacZ expression during growth on 35 mM salt, one with enhanced expression at pH 6.0 and 15 with elevated activity after growth at 42³C.
L-Galactosidase assays
The e¡ect of growth phase, culture pH and glucose concentration on the level of lacZ expression in liquid culture-grown cells of S. mutans AS42 was determined. Fig. 2A illustrates that maximal L-galactosidase activity was detected when the cells had entered stationary phase after growth in TYE 0.1% glucose medium. Maximal activity also was inversely related to the glucose concentration of the culture medium (Fig. 2B) . To clearly demonstrate that glucose concentration was the factor in£uencing L-gal expression, mid-log cultures were divided, washed and resuspended in media devoid of glucose and in medium with 2% glucose present. The results of this experiment (Fig. 3) show that glucose concentration has a signi¢cant e¡ect on the L-gal activity, with a 3-fold increase observed in the culture devoid of glucose compared to the glucose excess culture. To ensure that the L-gal activities of AS42 were in£uenced by glucose concentration and not a peculiarity of L-galactosidase activity in S. mutans, two other S. mutans Tn917-lac mutants displaying inducible lacZ activity on agar plates (one temperature inducible and one pH inducible) were subjected to the 3 . L-Galactosidase activity measured in decrypti¢ed S. mutans AS42 cells harvested after the culture was grown to mid-log phase in TYE 0.2% medium. Cells were harvested and washed as described in Section 2. Cells were then resuspended in TYE medium containing no glucose or 2% glucose. Each data point represents the mean þ standard error of three measurements from two independent experiments. same growth and assay conditions as AS42. Neither of these strains showed a detectable change in L-galactosidase activity in response to glucose concentration (data not shown).
Recovery and nucleotide sequence of the Tn917 insertion in S. mutans AS42
The region of the AS42 chromosome harboring the transposon was isolated by shotgun cloning of XbaI-digested AS42 chromosomal DNA into pUC18 and selecting E. coli MC1061 amp r and em r transformants as previously described [3] . One transformant was found to harbor plasmid pUC18 containing a 10 kb insert (Fig. 4) . Sequence analysis of the region 5P to the lacZ reporter gene revealed insertion of the transposon into a region 879 bp into an ORF, designated glrA, encoding a protein with 60% identity to the BcrA protein of Bacillus licheniformis. In B. licheniformis BcrA is encoded by the bcrA gene which is part of a three-gene operon that encodes an ABC transporter involved in conferring resistance to the peptide antibiotic bacitracin [10] . The deduced amino acid sequence also had strong identity (54%) to Staphylococcus epidermidis EpiF, an ATP binding protein from an ABC transporter that confers resistance to the antibiotic epidermin [9] . An alignment of the deduced amino acid sequence of the ORF with the homologs is illustrated in Fig. 5 .
An examination of the sequence revealed a putative ribosome binding site (RBS) 6^10 base pairs 5P from the start codon and putative 310 and 335 promoter sequences 5P from the putative RBS (data not shown). Since catabolite repression in S. mutans has recently been suggested to involve binding of CcpA to a catabolite responsive element [14] (and R.A. Burne, Personal communication) we searched for the consensus sequences suggested by Hueck et al. [4] and Simpson and Russell [14] . There were no sequences near or in the glrA gene matching the consensus sequences. This is a result shared with sequence analysis of the catabolite repressible K-amylase operon and lac operons of S. mutans that also do not have CRE [14] . Taken together, these data suggest that multiple mechanisms of catabolite repression exist in S. mutans.
Further sequence analysis accomplished by chromosome walking 5P from glrA revealed an open reading frame of 1068 bp that had homology to an ORF (orfA) of unknown function from Lactobacillus leichmannii [13] and an insertion-like sequence with homology to IS861 from group B streptococci [12] . A schematic drawing of the region is illustrated in Fig. 4 .
In an attempt to determine the function of glrA gene product the parent strain NG8 and strain AS42 were tested for MIC values to a number of peptide antibiotics including bacitracin and a panel of mutacins, which are antibiotics produced by S. mutans [8] . No signi¢cant differences in MIC values between the parent and the mutant were observed.
The reduced growth of the mutant AS42 at low pH was also an interesting observation. It is possible that the ABC transporter is involved in transport of oligopeptides. These compounds can be used as a nitrogen source and for biosynthetic purposes by this organism [2] . It is also possible that decarboxylation of amino acids and peptides can help S. mutans tolerate acidic environments by the intracellular generation of CO 2 as observed for other bacteria [7] .
Concluding remarks
The vector pTV32-OK represents a useful tool for the mutagenesis of oral and related streptococci. The use of transposon mutagenesis and delivery of an easily detectable lacZ reporter gene will provide researchers with a valuable tool for the study of many environmentally regulated processes in poorly transformable streptococci. [5] 
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